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(57) ABSTRACT

Embodiments of mechanisms for forming a semiconductor
device are provided. The semiconductor device includes a
semiconductor substrate and a first gate stack. The first gate
stack includes a gate dielectric layer, a first work function
metal layer and a second work function metal layer directly
on the first work function metal layer. The second work func-
tion metal layer and the first work function metal layer have
the same metal element. The semiconductor device also
includes a second gate stack. The second gate stack includes
a gate dielectric layer, a barnier layer and a second work
function metal layer. The second work function metal layer
and the barrier layer do not have the same metal element. A
first thickness of the second work function metal layer of the
first gate stack 1s larger than a second thickness of the second
work function metal layer of the second gate stack.

20 Claims, 8 Drawing Sheets
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SEMICONDUCTOR DEVICE WITH GATE
STACKS AND METHOD OF
MANUFACTURING THE SAME

BACKGROUND

The semiconductor integrated circuit (IC) mdustry has
experienced rapid growth. Technological advances i IC
materials and design have produced generations of ICs. Each
generation has smaller and more complex circuits than the
previous generation. However, these advances have increased
the complexity of processing and manufacturing ICs.

In the course of IC evolution, functional density (1.e., the
number of interconnected devices per chip area) has generally
increased while geometric size (1.e., the smallest component
(or line) that can be created using a fabrication process) has
decreased. This scaling-down process generally provides
benefits by increasing production efficiency and lowering
associated costs.

However, since the feature sizes continue to decrease, fab-
rication processes continue to become more difficult to per-
form. Therefore, it 1s a challenge to form reliable semicon-
ductor devices with smaller and smaller sizes.

BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the embodiments,
and the advantages thereol, reference 1s now made to the
tollowing descriptions taken 1n conjunction with the accom-
panying drawings.

FIGS. 1A-1H are cross-sectional views of various stages of
a process for forming a semiconductor device, in accordance
with some embodiments.

FIG. 2 1s a cross-sectional view of a semiconductor device,
in accordance with some embodiments.

FIGS. 3A-3E are cross-sectional views of various stages of
a process for forming a semiconductor device, 1n accordance
with some embodiments.

L1l

DETAILED DESCRIPTION OF TH
ILLUSTRAITIVE

Embodiments

The making and using of the embodiments of the disclo-
sure are discussed 1n detail below. It should be appreciated,
however, that the embodiments can be embodied 1n a wide
variety of specific contexts. The specific embodiments dis-
cussed are merely 1llustrative, and do not limit the scope of the
disclosure.

It 1s to be understood that the following disclosure provides
many different embodiments, or examples, for implementing,
different features of the disclosure. Specific examples of
components and arrangements are described below to sim-
plify the present disclosure. These are, of course, merely
examples and are not intended to be limiting. Moreover, the
performance of a first process before a second process 1n the
description that follows may include embodiments 1n which
the second process 1s performed immediately after the first
process, and may also include embodiments 1n which addi-
tional processes may be performed between the first and
second processes. Various features may be arbitrarily drawn
in different scales for the sake of simplicity and clarity. Fur-
thermore, the formation of a first feature over or on a second
teature 1n the description that follows include embodiments 1n
which the first and second features are formed 1n direct con-
tact, and may also include embodiments 1n which additional
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features may be formed between the first and second features,
such that the first and second features may not be in direct
contact.

Some variations of the embodiments are described.
Throughout the various views and illustrative embodiments,
like reference numbers are used to designate like elements. It
1s understood that additional operations can be provided
before, during, and after the method, and some of the opera-
tions described can be replaced or eliminated for other
embodiments of the method.

A system-on-chip (SoC) device integrates various func-
tions on a single chip, and the system-on-chip device has
transistors with different threshold voltages. In the process of
forming the transistors, an 1on 1mplantation process 1s per-
formed on the channels of the transistors to adjust the thresh-
old voltages of the transistors. However, in some embodi-
ments, since the feature sizes continue to decrease, the 10on
implantation process 1s unable to adjust the threshold volt-
ages ol the transistors accurately. To solve the problem men-
tioned above, a manufacturing method of a system-on-chip
device 1s provided as follows.

FIGS. 1A-1H are cross-sectional views of various stages of
a process for forming a semiconductor device 100qa, 1n accor-
dance with some embodiments. Referring to FIG. 1A, a semi-
conductor substrate 101 1s provided. The semiconductor sub-
strate 101 may be a semiconductor water (such as a silicon
waler) or a portion of a semiconductor wafer.

In some embodiments, the semiconductor substrate 101 1s
made of an elementary semiconductor material including
s1licon or germanium in a single crystal, polycrystal, or amor-
phous structure. In some other embodiments, the semicon-
ductor substrate 101 1s made of a compound semiconductor,
such as silicon carbide, gallium arsenide, gallium phosphide,
indium phosphide, indium arsenide, an alloy semiconductor,
such as S1Ge, or GaAsP, or combinations thereof. The semi-
conductor substrate 101 may also include multi-layer semi-
conductors, semiconductor on msulator (SOI) (such as sili-
con on 1nsulator or germanium on 1nsulator), or a
combination thereof.

An 1solation structure 102 1s formed 1n the semiconductor
substrate 101 to define various active regions 1n the semicon-
ductor substrate 101, and to electrically 1solate neighboring
devices (e.g. transistors) from one another. The 1solation
structure 102 may be made of a dielectric matenal, such as
silicon oxide, silicon nitride, silicon oxynitride, fluoride-
doped silicate glass (FSG), a low-K dielectric material, other
suitable materials, or combinations thereof. The 1solation

structure 102 may be formed by using an 1solation technol-
ogy, such as local oxidation of semiconductor (LOCOS),
shallow trench 1solation (STT), or the like.

In some embodiments, the formation of the 1solation struc-
ture 102 includes patterning the semiconductor substrate 101
by a photolithography process, etching a trench 1n the semi-
conductor substrate 101 (for example, by using a dry etching,
wet etching, plasma etching process, or combinations
thereol), and filling the trench (for example, by using a chemi-
cal vapor deposition process) with the dielectric material. In
some embodiments, the filled trench may have a multi-layer
structure, such as a thermal oxide liner layer filled with silicon
nitride or silicon oxide. However, 1n some embodiments, the
1solation structure 102 1s optional.

As shown 1n FIG. 1A, the gate dielectric layers 104 and the
dummy gates 106 are formed over the semiconductor sub-
strate 101 for defining active regions in the semiconductor
substrate 101. A gate-last approach or replacement-gate
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(RPG) approach will be subsequently performed to form
metal gates. The dummy gates 106 may be made of polysili-
con.

The gate dielectric layers 104 may serve as dummy gate
dielectric layers and are removed 1n a subsequent process.
The gate dielectric layers 104 may be made of silicon oxide.
However, in some other embodiments, the gate dielectric
layers 104 do not serve as dummy gate dielectric layers and
will not be subsequently removed. In these cases, the gate
dielectric layers 104 may be made of silicon oxide, silicon
oxynitride, a high dielectric constant material (high-k mate-
rial), or combinations thereof.

As shown 1n FIG. 1A, spacers 110a and 11056 are formed
over sidewalls of the dummy gates 106. The spacers 110a and
1106 may be made of a dielectric material, such as silicon
nitride layer, silicon oxynitride layer, or combinations
thereol. The structure of the spacers 110a and 1105 shown 1n
FIG. 1A 1s merely an example. Other configurations of the
spacers 110a and 1105 are also possible. For example, a
sealing layer (not shown) 1s formed between the spacers 110qa
and 1105 and the dummy gates 106.

Doped regions 112a and 11256 may be formed 1n the semi-
conductor substrate 101 by using a suitable process, such as
an 1on implantation process. The doped regions 112a may be
a heavily doped source region and a heavily doped drain
region. The doped regions 1126 may be a heavily doped
source region and a heavily doped drain region. The doped
regions 112a and 1125 may be formed after the spacers 110a
and 11056 are formed.

As shown i FIG. 1A, an insulating layer 120 1s then
deposited over the dummy gates 106 and the semiconductor
substrate 101, 1n accordance with some embodiments. The
insulating layer 120 may be made of any suitable msulating
material, such as silicon oxide, silicon oxynitride, borosili-
cate glass (BSG), phosphoric silicate glass (PS(G), borophos-
phosilicate glass (BPSG), fluorinated silicate glass (FSG),
low-k matenial, porous dielectric material, or combinations
thereol. The msulating layer 120 may be deposited by any
suitable process, such as a chemical vapor deposition (CVD)
process, HDPCVD process, spin-on process, sputtering pro-
cess, or combinations thereof.

Afterwards, as shown 1n FIG. 1B, a planarization process,
such as a chemical mechanical polishing (CMP) or the like, 1s
then performed on the insulating layer 120 until top surfaces
of the dummy gates 106 are exposed. After the planarization
process 1s performed, the msulating layer 120 may have a
substantially planar surface to facilitate subsequent process
steps.

Then, the dummy gates 106 are removed by using a suit-
able process, such as a wet etching process, a dry etching
process, or combinations thereof. In some embodiments, the
gate dielectric layers 104 are also removed. After the dummy
gates 106 and the gate dielectric layers 104 are removed,
openings 108a and 1085 are formed between the spacers
110a and between the spacers 1105, respectively. The open-
ings 108a and 1085 may be trenches.

As shown i FIG. 1C, an interfacial layer 132 may be
formed over bottoms of the openings 108a and 1085. The
interfacial layer 132 may be made of a suitable dielectric
material, such as silicon oxide, hatnium silicate, silicon
oxynitride, or combinations thereof. In some embodiments,
the interfacial layer 132 1s formed by thermal oxidation. In
some other embodiments, the interfacial layer 132 1s formed
by chemical vapor deposition (CVD) or any other suitable
process.

Thereatfter, a gate dielectric layer 134 1s deposited over the
semiconductor substrate 101 to cover the bottoms of the
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openings 108a and 1085, 1n accordance with some embodi-
ments. The gate dielectric layer 134 may be made of a dielec-
tric material, such as a high dielectric constant (high-k) mate-

rial. The high-k material may be made of haitnium oxide
(H1O,), hatnium silicon oxide (H1S10), hatnium silicon

oxynitride (HIS1ON), hainium tantalum oxide (HiTaO),

hatnium titanium oxide (HIT10), hafnium zirconium oxide
(HiZrO), other suitable high-k dielectric materials, or com-
binations thereof.

The high-k material may be further made of metal oxides,
metal nitrides, metal silicates, transition metal-oxides, tran-
sition metal-nitrides, transition metal-silicates, oxynitrides of
metals, aluminum oxide, hatnmium dioxide-alumina (HIO,—
Al,O,) alloy, other suitable materials, or combinations
thereof.

The gate dielectric layer 134 may be deposited by any
suitable process, such as atomic layer deposition (ALD),
chemical vapor deposition (CVD), physical vapor deposition
(PVD), sputtering, plating, other suitable processes, or com-
binations thereof. In some embodiments, the gate dielectric
layer 134 needs to be further annealed.

Afterwards, a capping layer 140 may be deposited over the
gate dielectric layer 134 to protect the gate dielectric layer
134 from being affected by the subsequent processes. The
capping layer 140 may be made of metal carbonitride (such as
titanium carbonitride or tantalum carbonitride) or metal
nitride (such as titanium nitride or tantalum nitride). The
capping layer 140 may be deposited by any suitable process,
such as chemical vapor deposition, atomic layer deposition or
physical vapor deposition.

Thereatter, a barrier layer 150 may be deposited over the
capping layer 140. The barner layer 150 1s configured to
prevent the diflusion of the metals of work function metal
layers formed subsequently into the gate dielectric layer 134.
The barrnier layer 150 may be made of metal carbonitride
(such as titantum carbonitride or tantalum carbonitride) or
metal nitride (such as titanium nitride or tantalum nitride).
The barrier layer 150 may be deposited by any suitable pro-
cess, such as chemical vapor deposition, atomic layer depo-
sition or physical vapor deposition.

As shown 1n FIG. 1D, a first work function metal layer 160
1s formed over the barrier layer 150 and in the openings 108a
and 108b6. The first work function metal layer 160 may be
made of metal carbonitride, metal aluminide (such as T1AIN,
T1Al, or TaAl), metal silicon nitride (such as TiSiN) or metal
nitride (such as TiN). The first work function metal layer 160
may be deposited by any suitable process, such as chemical
vapor deposition, atomic layer deposition or physical vapor
deposition. In some embodiments, a thickness K1 of the first
WOII'BIL{ function metal layer 160 ranges from about 1 A to about
20 A.

Thereafter, as shown 1n FIG. 1E, the first work function
metal layer 160 1s patterned to remove a portion of the first
work function metal layer 160 in the opening 1085 and out-
side of the openings 108a and 1085. The patterning process
includes, for example, a photolithography process and an
etching process. The remaining portion of the first work func-
tion metal layer 160 1s located 1n the opening 108a and over
the opening 108a.

Afterwards, as shown 1n FIG. 1F, a second work function
metal layer 170 1s deposited on the barrier layer 150 and the
first work function metal layer 160 and in the openings 108a
and 108b. The second work function metal layer 170 may be
made of metal carbonitride, metal aluminide (such as T1AIN,
T1Al, or TaAl), metal silicon nitride (such as TiSiN) or metal
nitride (such as TiN).
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In some embodiments, the second work function metal
layer 170 and the first work function metal layer 160 have the
same metal element, and the second work function metal
layer 170 and the barrier layer 150 do not have the same metal
clement. The metal element includes titanium (11), aluminum
(Al), tantalum (Ta) or other suitable metal elements. In some
embodiments, the first work function metal layer 160 and the
barrier layer 150 are made of different materials.

The second work function metal layer 170 may be depos-
ited by an atomic layer deposition (ALD) process or a chemi-
cal vapor deposition (CVD) process. The precursors used 1n
the ALD process or the CVD process tend to deposit on the
f1lm with the same metal element as the precursor. Therefore,
the deposition rate on the first work function metal layer 160
1s greater than that on the barrier layer 150.

Hence, the second work function metal layer 170 has a
thick portion 172 directly on the first work function metal
layer 160 and a thin portion 174 directly on the barrier layer
150, 1n accordance with some embodiments. The thick por-
tion 172 may be 1n direct contact with the first work function
metal layer 160, and the thin portion 174 may be 1n direct
contact with the barrier layer 150. The thick portion 172 has
a thickness K2 larger than a thickness K3 of the thin portion
174.

The ratio of the thickness K2 to the thickness K3 ranges

from, for example, about 1.2 to about 3. In some embodi-
ments, the thickness K2 ranges from about 1.2 A to about 60
A. In some embodiments, the thickness K3 ranges from about
1 A to about 20 A.

An mcubation time of the atomic layer deposition process
(or the chemical vapor deposition process) 1s defined as the
time for applying the precursor (the precursor gases) into the
reaction furnace to deposit a film on a substrate 1n the reaction
turnace. The incubation time of the second work function
metal layer 170 may range from about 0.1 minutes to about 3
minutes. IT the imncubation time of the second work function
metal layer 170 1s too long, the deposition rate difference on
the first work function metal layer 160 and the barrier layer
150 may be decreased. Therefore, the thick portion 172 and
the thin portion 174 may have similar thicknesses, which are
not desired.

As shown 1n FIG. 1G, a gate electrode layer 180 (also
called a metal gate electrode layer) 1s then deposited over the
second work function metal layer 170 to fill the openings
108a and 1085. The gate electrode layer 180 may be made of
a suitable metal material, such as aluminum, tungsten, gold,
platinum, cobalt, other suitable metal, alloy thereot, or com-
binations thereof. The gate electrode layer 180 may be depos-
ited by using a PVD process, CVD process, plating process,
the like, or combinations thereof.

Afterwards, as shown 1in FI1G. 1H, a planarization process 1s
performed to remove the gate electrode layer 180, the second
work function metal layer 170, the first work function metal
layer 160, the barrier layer 150, the capping layer 140 and the
gate dielectric layer 134 outside of the openings 108a and
1085. The planarization process includes a chemical
mechanical polishing (CMP) process or the like. In this step,
the semiconductor device 100q 1s substantially formed.

In the opening 1084, the gate electrode layer 180, the thick
portion 172 of the second work function metal layer 170, the
first work function metal layer 160, the barrier layer 150, the
capping layer 140, the gate dielectric layer 134 and the inter-
facial layer 132 together form a first gate stack G1 (i.e., a
metal gate stack). The first gate stack (G1 1s surrounded by the
insulating layer 120. The gate electrode layer 180 remaining
in the opening 108a may serve as a first metal gate electrode
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ol the first gate stack G1. The first gate stack G1 and the doped
regions 112qa together form a first transistor T1.

In the opening 1085, the gate electrode layer 180, the thin
portion 174 of the second work function metal layer 170, the
barrier layer 150, the capping layer 140, the gate dielectric
layer 134 and the interfacial layer 132 together form a second
gate stack G2 (1.e., a metal gate stack). The second gate stack
(G2 1s surrounded by the msulating layer 120. The gate elec-
trode layer 180 remaining 1n the opening 1085 may serve as a
second metal gate electrode of the second gate stack G2. The
second gate stack G2 and the doped regions 1126 together
form a second transistor T2.

According to the above descriptions, it 1s known that the
thickness K2 of the thick portion 172 1s larger than the thick-
ness K3 of the thin portion 174. Therefore, the total work
function metal layer thickness of the first transistor T1 (i.e.,
K1+K2) 1s larger than that of the second transistor 12 (i.e.,
K3).

The first and the second work function metal layers 160 and
170 are configured to adjust the threshold voltages of the first
and the second transistors T1 and T2. Therefore, the first
transistor T1 with a larger total work function metal layer
thickness has a lower threshold voltage than that of the second
transistor 12. The first transistor T1 may have an ultra-low
threshold voltage (ULVT), and the second transistor 12 may
have a standard threshold voltage (SV'T).

The second work function metal layer 170 has different
thicknesses 1n the first and the second transistors T1 and 12
(1.e., K2 and K3, and K2>K3). Therefore, the first work
function metal layer 160 1n the first transistor T1 may have a
small thickness K1, which 1s still able to achieve that the
threshold voltage of the first transistor T1 1s lower than that of
the second transistor T2.

Hence, the etching time for removing the portion of the first
work function metal layer 160 (as shown 1n FIG. 1E) may be
short. Therefore, 1t avoids the problems of damage to the
barrier layer 150 (or the capping layer 140) and an increase of
the gate leakage current of the second transistor T2 due to a
long etching time. As a result, the process yield and the
reliability of the semiconductor device 100a are improved.

The total work function metal layer thickness difference
between the first transistor T1 (1.e., the sum of the thicknesses
K1 and K2) and the second transistor 12 (1.e., the thickness
K3) may be adjusted according to requirements. The adjust-
ing method includes adjusting the thickness K1 of the first
work function metal layer 160, the materials of the barrier
layer 150, the first and the second work function metal layers
160 and 170, and the incubation time of the second work
function metal layer 170.

FIG. 2 1s a cross-sectional view of a semiconductor device
1005, 1n accordance with some embodiments. In some other
embodiments, as shown 1n FIG. 2, the semiconductor device
1005 further includes another work function metal layer 210
between the second work function metal layer 170 and the
gate electrode layer 180.

The work function metal layer 210 may be made of metal
carbonitride, metal aluminide (such as T1AIN, TiAl, or TaAl),
metal silicon nitride (such as T1SiN) or metal nitride (such as
TiN). The work function metal layer 210 may be deposited by
any suitable process, such as chemical vapor deposition,
atomic layer deposition or physical vapor deposition.

In still other embodiments, the semiconductor device 10056
turther includes many work function metal layers (not shown)
between the second work function metal layer 170 and the
gate electrode layer 180.

FIGS. 3A-3E are cross-sectional views of various stages of
a process for forming a semiconductor device 100¢, 1n accor-
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dance with some embodiments. After the step of FIG. 1C, as
shown 1n FIG. 3A, a third work function metal layer 310 1s
deposited over the barrier layer 150 and in the openings 108a
and 1085. The third work function metal layer 310 may be
made of metal carbonitride, metal aluminide (such as TiIAIN, >
T1Al, or TaAl), metal silicon nitride (such as T1S1N) or metal
nitride (such as TiN). The third work function metal layer 310
may be deposited by any suitable process, such as chemical
vapor deposition, atomic layer deposition or physical vapor
deposition.

Thereafter, a first work function metal layer 160 1s formed
over the third work function metal layer 310 and 1n the open-
ings 108a and 1085. The first work function metal layer 160
may be made of metal carbonitride, metal aluminide (such as
T1AIN, T1Al, or TaAl), metal silicon nitride (such as TiSiN) or

metal nitride (such as TiN). In some embodiments, a thick-
ness K1 of the first work function metal layer 160 ranges from

about 1 A to about 20 A.

Thereatter, as shown 1n FIG. 3B, the first work function >0
metal layer 160 1s patterned to remove a portion of the first
work tunction metal layer 160 1n the opening 1085 and out-
side of the opemings 108a and 108b6. The patterning process
includes, for example, a photolithography process and an
etching process. The remaining portion of the first work func- 25
tion metal layer 160 1s 1n the opeming 108a and over the
opening 108a.

Afterwards, as shown 1in FIG. 3C, a second work function
metal layer 170 1s deposited over the third work function
metal layer 310 and the first work function metal layer 160
and 1 the openings 108a and 10856. The second work function
metal layer 170 may be made of metal carbonitride, metal
aluminide (such as TiAIN, TiAl, or TaAl), metal silicon
nitride (such as TiSiN) or metal nitride (such as TiN).

In some embodiments, the second work function metal
layer 170 and the first work function metal layer 160 have the
same metal element, and the second work function metal
layer 170 and the third work function metal layer 310 do not
have the same metal element. The metal element includes, for 49
example, titantum (T1), aluminum (Al) or tantalum (Ta). In
some embodiments, the first work function metal layer 160
and the third work function metal layer 310 are made of
different materials.

The second work function metal layer 170 may be depos- 45
ited by an atomic layer deposition (ALD) process or a chemi-
cal vapor deposition (CVD) process. The incubation time of
the second work function metal layer 170 may range from
about 0.1 to about 3 minutes. The precursors used 1n the ALD
process or the CVD process tend to deposit on the film with 50
the same metal element as the precursors. Therefore, the
deposition rate on the first work function metal layer 160 1s
greater than that on the third work function metal layer 310.

Hence, the second work function metal layer 170 has a
thick portion 172 directly on the first work function metal 55
layer 160 and a thin portion 174 directly on the third work
tfunction metal layer 310, 1n accordance with some embodi-
ments. The thick portion 172 may be in direct contact with the
first work function metal layer 160, and the thin portion 174

may be 1n direct contact with the third work function metal 60
layer 310. The thick portion 172 has a thickness K2 larger

than a thickness K3 of the thin portion 174.

The ratio of the thickness K2 to the thickness K3 ranges
from, for example, about 1.2 to about 3. In some embodi-
ments, the thickness K2 ranges from about 1.2 A to about 60 63
A. In some embodiments, the thickness K3 ranges from about

1 A to about 20 A.
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As shown i FIG. 3D, a gate electrode layer 180 (also
called a metal gate electrode layer) 1s then deposited over the
second work function metal layer 170 to fill the openings
108a and 1085.

Afterwards, as shown 1n FI1G. 3E, a planarization process 1s
performed to remove the gate electrode layer 180, the second
work function metal layer 170, the first work function metal
layer 160, the third work function metal layer 310, the barrier
layer 150, the capping layer 140 and the gate dielectric layer
134 outside of the openings 108a and 1085. In this step, the
semiconductor device 100c¢ 1s substantially formed.

In the opening 108a, the gate electrode layer 180, the thick
portion 172 of the second work function metal layer 170, the
first work function metal layer 160, the third work function
metal layer 310, the barrier layer 150, the capping layer 140,
the gate dielectric layer 134 and the interfacial layer 132
together form a first gate stack G1' (1.e., a metal gate stack).
The third work function metal layer 310 of the first gate stack
(G1' 1s disposed between the barrier layer 150 and the first
work function metal layer 160, in accordance with some
embodiments. The first gate stack G1' 1s surrounded by the
insulating layer 120. The gate electrode layer 180 remaining
in the opening 1084 may serve as a first metal gate electrode
of the first gate stack G1'. The first gate stack G1' and the
doped regions 112a together form a first transistor T1".

In the opening 1085, the gate electrode layer 180, the thin
portion 174 of the second work function metal layer 170, the
third work function metal layer 310, the barrier layer 150, the
capping layer 140, the gate dielectric layer 134 and the inter-
facial layer 132 together form a second gate stack G2' (1.e., a
metal gate stack). The second gate stack G2'1s surrounded by
the insulating layer 120. The gate electrode layer 180 remain-
ing in the opening 1086 may serve as a second metal gate
clectrode of the second gate stack G2'. The second gate stack
(G2' and the doped regions 1125 together form a second tran-
sistor T2'.

The total work function metal layer thickness difference
between the first and the second transistors T1' and 1T2' (1.e.,
K1+K2-K3)may be adjusted according to requirements. The
adjusting method includes adjusting the thickness K1 of the
first work function metal layer 160, the matenials of the third
work function metal layer 310, the first and the second work
function metal layers 160 and 170, and the incubation time of
the second work function metal layer 170.

The second work function metal layer 170 has different
thicknesses 1n the first and the second transistors T1' and T2'
(1.e., K2 and K3, and K2>K3). Therefore, the first work
function metal layer 160 1n the first transistor T1 may have a
small thickness K1, which 1s still able to achieve that the
threshold voltage of the first transistor T1'1s lower than that of
the second transistor T2'.

Hence, the etching time for removing the portion of the first
work function metal layer 160 (as shown 1n FIG. 3B) may be
short. Therefore, 1t avoids the problems of damage to the third
work function metal layer 310 (and/or the barrier layer 150)
due to a long etching time. As a result, the process yield of the
semiconductor device 100c¢ 1s improved.

Besides, the third work tunction metal layer 310 1s used to
adjust the threshold voltages of both the first transistor T1'and
the second transistor T2', in accordance with some embodi-
ments. The threshold voltage of the first transistor T1' may be
adjusted by adjusting the first work function metal layer 160,
the thick portion 172 of the second work function metal layer
170, and the third work function metal layer 310. The thresh-
old voltage of the second transistor T2' may be adjusted by
adjusting the thin portion 174 of the second work function
metal layer 170 and the third work function metal layer 310.




US 9,306,023 B2

9

Therefore, the third work function metal layer 310 may
improve the flexibility of adjusting the threshold voltages of
the first transistor T1' and the second transistor T2', which
helps the first transistor T1' and the second transistor 12' to
have desirable threshold voltages.

Embodiments of mechanisms for forming a semiconductor
device as described above include forming a second work
function metal layer having different thicknesses 1n different
gate stacks to form a first and a second transistors with dii-
terent threshold voltages. Therefore, the thickness of a first
work function metal layer used for adjusting the threshold
voltage of the first transistor may be reduced, and the etching,
time for patterning the first work function metal layer 1s also
reduced. Hence, 1t prevents the damage of the film under the
first work function metal layer due to a long etching time, and
the process vield and the reliability of the semiconductor
device are improved.

In accordance with some embodiments, a semiconductor
device 1s provided. The semiconductor device includes a
semiconductor substrate and a first gate stack over the semi-
conductor substrate. The first gate stack includes a gate
dielectric layer, a first work function metal layer over the gate
dielectric layer and a second work function metal layer
directly on the first work function metal layer. The second
work function metal layer and the first work function metal
layer have the same metal element. The semiconductor device
also includes a second gate stack over the semiconductor
substrate. The second gate stack includes a gate dielectric
layer, a barrier layer over the gate dielectric layer and a second
work function metal layer directly on the barrier layer. The
second work function metal layer and the barrier layer do not
have the same metal element. A first thickness of the second
work function metal layer of the first gate stack 1s larger than
a second thickness of the second work function metal layer of
the second gate stack.

In accordance with some embodiments, a semiconductor
device 1s provided. The semiconductor device includes a
semiconductor substrate and a first gate stack over the semi-
conductor substrate. The first gate stack includes a gate
dielectric layer, a first work function metal layer over the gate
dielectric layer, a second work function metal layer directly
on the first work function metal layer and a third work tunc-
tion metal layer. The third work function metal layer 1s
between the gate dielectric layer and the first work function
metal layer. The second work function metal layer and the
first work function metal layer have the same metal element.
The semiconductor device also mcludes a second gate stack
over the semiconductor substrate. The second gate stack
includes a gate dielectric layer, a third work function metal
layer over the gate dielectric layer and a second work function
metal layer directly on the third work function metal layer.
The second work function metal layer and the third work
function metal layer do not have the same metal element. A
first thickness of the second work function metal layer of the
first gate stack 1s larger than a second thickness of the second
work function metal layer of the second gate stack.

In accordance with some embodiments, a method for form-
ing a semiconductor device 1s provided. The method includes
providing a semiconductor substrate with an insulating layer
formed thereon. The msulating layer has a first opening and a
second opening. The method includes forming a gate dielec-
tric layer in the first opening and the second opening. The
method includes forming a first film on the gate dielectric
layer. The first film comprises a barrier layer or a work func-
tion metal layer. The method includes forming a first work
function metal layer 1n the first opeming. The method includes
forming a second work function metal layer 1n the first open-
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ing and the second opening and 1n direct contact with the first
work function metal layer in the first opening and the first film
in the second opening. The second work function metal layer
and the first work function metal layer have the same metal
clement. The second work function metal layer and the first
f1lm do not have the same metal element. The second work
function metal layer has a thick portion on the first work
function metal layer and a thin portion on the first film. The
method 1includes forming a gate electrode layer over the sec-
ond work function metal layer.

Although the embodiments and their advantages have been
described 1n detail, 1t should be understood that various
changes, substitutions, and alterations can be made herein
without departing from the spirit and scope of the embodi-
ments as defined by the appended claims. Moreover, the
scope of the present application 1s not intended to be limited
to the particular embodiments of the process, machine, manu-
facture, composition ol matter, means, methods, and steps
described 1n the specification. As one of ordinary skill 1n the
art will readily appreciate from the disclosure, processes,
machines, manufacture, compositions of matter, means,
methods, or steps, presently existing or later to be developed,
that perform substantially the same function or achieve sub-
stantially the same result as the corresponding embodiments
described herein may be utilized according to the disclosure.
Accordingly, the appended claims are intended to include
within their scope such processes, machines, manufacture,
compositions of matter, means, methods, or steps. In addi-
tion, each claim constitutes a separate embodiment, and the
combination of various claims and embodiments are within
the scope of the disclosure.

What 1s claimed 1s:

1. A semiconductor device, comprising:

a semiconductor substrate;

a first gate stack disposed over the semiconductor substrate
and comprising;:

a first gate dielectric layer;

a first work function metal layer disposed over the first
gate dielectric layer;

a second work function metal layer disposed directly on
the first work function metal layer, wherein the sec-
ond work function metal layer and the first work func-
tion metal layer comprise the same metal element;

a second gate stack disposed over the semiconductor sub-
strate and comprising:

a second gate dielectric layer;

a barrier layer disposed over the second gate dielectric
layer;

a second work function metal layer disposed directly on
the barrier layer, wherein the second work function
metal layer and the barrier layer do not comprise the
same metal element,

wherein a first thickness of the second work function metal
layer of the first gate stack 1s greater than a second
thickness of the second work function metal layer of the
second gate stack, and

wherein a same number of work function metal layer(s) are
between a gate electrode layer of the first gate stack and
the second work function metal layer of the first gate
stack and between a gate electrode layer of the second
gate stack and the second work function metal layer of
the second gate stack, and the number of work function

metal layer(s) 1s equal to or larger than zero (0).

2. The semiconductor device as claimed in claim 1,
wherein the ratio of the first thickness to the second thickness
ranges from about 1.2 to about 3.
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3. The semiconductor device as claimed i1n claim 1,
wherein the first thickness ranges from about 1.2 A to about

60 A.

4. The semiconductor device as claimed 1n claim 1,
wherein the second work function metal layer and the first
work function metal layer both comprise titanium, aluminum,
or tantalum.

5. The semiconductor device as claimed 1n claim 1,
wherein a first source region and a first drain region are
disposed 1n the semiconductor substrate and adjacent to the
first gate stack, a second source region and a second drain
region are disposed 1n the semiconductor substrate and adja-
cent to the second gate stack, the first gate stack, the first
source region and the first drain region together form a first
transistor, and the second gate stack, the second source
region, and the second drain region together form a second
transistor with a threshold voltage greater than that of the first
transistor.

6. The semiconductor device as claimed 1n claim 1,
wherein the first gate stack further comprises a barrier layer
between the first gate dielectric layer and the first work func-
tion metal layer.

7. The semiconductor device as claimed 1in claim 1,
wherein the first work function metal layer and the second
work function metal layer comprise metal carbonitride, metal
aluminide, metal silicon nitride or metal nitride.

8. The semiconductor device as claimed 1in claim 1,
wherein the second thickness ranges from about 1 A to about
20 A.

9. The semiconductor device as claimed in claim 1,
wherein the gate electrode layer of the first gate stack 1s
disposed over the second work function metal layer of the first
gate stack, and the gate electrode layer of the second gate
stack 1s disposed over the second work function metal layer of
the second gate stack.

10. The semiconductor device as claimed in claim 9,
wherein the first gate stack and the second gate stack further
comprise a plurality of work function metal layers between
the second work function metal layer and the gate electrode
layer.

11. A semiconductor device, comprising:

a semiconductor substrate;

a first gate stack disposed over the semiconductor substrate

and comprising;:

a first gate dielectric layer;

a first work function metal layer disposed over the first
gate dielectric layer;

a second work function metal layer disposed directly on
the first work function metal layer, wherein the sec-
ond work function metal layer and the first work func-
tion metal layer comprise the same metal element;

a third work function metal layer between the first gate
dielectric layer and the first work function metal
layer;

a second gate stack disposed over the semiconductor sub-

strate and comprising:

a second gate dielectric layer;

a third work function metal layer disposed over the sec-
ond gate dielectric layer;
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a second work function metal layer disposed directly on
the third work function metal layer, wherein the sec-
ond work function metal layer and the third work
function metal layer do not comprise the same metal
element,

wherein a first thickness of the second work function metal

layer of the first gate stack 1s greater than a second

thickness of the second work function metal layer of the
second gate stack and

wherein a same number of work function metal layer(s) are

between a gate electrode of the first gate stack and the

second work function metal layer of the first gate stack
and between a gate electrode of the second gate stack
and the second work function metal layer of the second
gate stack, and the number of work function metal layer

(s) 1s equal to or larger than zero (0).

12. The semiconductor device as claimed in claim 11,
wherein the ratio of the first thickness to the second thickness
ranges {rom about 1.2 to about 3.

13. The semiconductor device as claimed in claim 11,
wherein the third work function metal layer of the first gate
stack 1s disposed between a barrier layer and the first work
function metal layer.

14. The semiconductor device as claimed in claim 11,
wherein the second work function metal layer and the first
work function metal layer both comprise titanium, aluminum,
or tantalum.

15. The semiconductor device as claimed in claim 11,
wherein a {first source region and a first drain region are
disposed 1n the semiconductor substrate and adjacent to the
first gate stack, and a second source region and a second drain
region are disposed 1n the semiconductor substrate and adja-
cent to the second gate stack, the first gate stack, the first
source region, and the first drain region together form a first
transistor, and the second gate stack, the second source
region, and the second drain region together form a second
transistor with a threshold voltage greater than that of the first
transistor.

16. The semiconductor device as claimed in claim 11,
wherein the first thickness ranges from about 1.2 A to about
60 A.

17. The semiconductor device as claimed in claim 11,
wherein the first work function metal layer and the second
work function metal layer comprise metal carbonitride, metal
aluminide, metal silicon nitride, or metal nitride.

18. The semiconductor device as claimed in claim 11,
wherein the second thickness ranges from about 1 A to about
20 A.

19. The semiconductor device as claimed in claim 11,
wherein the gate electrode layer of the first gate stack 1s
disposed over the second work function metal layer of the first
gate stack, and the gate electrode layer of the second gate
stack 1s disposed over the second work function metal layer of
the second gate stack.

20. The semiconductor device as claimed i1n claim 11,
wherein the second gate stack further comprises a barrier
layer between the second gate dielectric layer and the third
work function metal layer.
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